A quantum-cascade-laser (QCL) is used as an integrated injection seeded source and amplifier for terahertz (THz) pulses. A coupled-cavity scheme is implemented to generate THz pulses on the QCL and to saturate the amplified pulse. Terahertz (THz) time-domain spectroscopy (TDS) uses near-infrared femtosecond (fs) laser pulses to generate THz pulses. The same near-IR pulses are also used to detect the THz pulses, due to the phase locked relation between the fs and THz pulses [1] . Common methods for the conversion of fs to THz pulses include photoconductive antennas and electro-optic crystals. Both these methods, however, typically produce low THz powers. One solution to increase the THz field amplitude is to increase the fs pulse power, where the energy of the radiated THz pulses can reach a 100 µJ [2] . An alternative method to access higher THz fields is to amplify the pulses after generation. Natural candidates for THz amplification are quantum cascade lasers (QCLs) [3] , which are compact, electrically driven sources of THz radiation. In steady-state, the gain of the laser is clamped to the losses preventing large amplification of external THz pulses. Recently gain switching has been used to unclamp the gain making efficient amplification [4] and injection seeding of the QCL [5] possible, permitting the coherent detection of the QCL field in the time domain, and opening up the prospect of uniting QCLs and TDS.
OCIS codes: 140.3070 (Infrared and far-infrared lasers); 140.5965 (Semiconductor lasers, quantum cascade) Terahertz (THz) time-domain spectroscopy (TDS) uses near-infrared femtosecond (fs) laser pulses to generate THz pulses. The same near-IR pulses are also used to detect the THz pulses, due to the phase locked relation between the fs and THz pulses [1] . Common methods for the conversion of fs to THz pulses include photoconductive antennas and electro-optic crystals. Both these methods, however, typically produce low THz powers. One solution to increase the THz field amplitude is to increase the fs pulse power, where the energy of the radiated THz pulses can reach a 100 µJ [2] . An alternative method to access higher THz fields is to amplify the pulses after generation. Natural candidates for THz amplification are quantum cascade lasers (QCLs) [3] , which are compact, electrically driven sources of THz radiation. In steady-state, the gain of the laser is clamped to the losses preventing large amplification of external THz pulses. Recently gain switching has been used to unclamp the gain making efficient amplification [4] and injection seeding of the QCL [5] possible, permitting the coherent detection of the QCL field in the time domain, and opening up the prospect of uniting QCLs and TDS.
In this work, an integrated approach to injection seeding is presented by making use of a coupled cavity scheme ( fig.1a ). Seed pulses are directly generated in the seed section of the QCL cavity by illuminating one of the facets with fs pulses [6] , removing the need for any external THz emitter to produce seed pulses. The generated seed pulse is amplified within the amplifier section of the cavity and injection seeds the QCL. This results in a powerful, completely integrated, QCL-based source for TDS. Figure 1 a) Sample schematic: THz pulses are generated inside the QCL by illuminating the seed section with a fs laser. b) Standard THz TDS set-up with gain switching: RF pulses used for gain switching are created with a fast photodiode and amplified. An electronic delay line is used to vary the RF pulse arrival time. A bias tee allows a quasi-DC voltage to be applied to the QCL along with the RF. Electro-optic sampling of the THz field takes place in a ZnTe crystal with femtosecond laser pulses. A 20dB pick-off tee allows the RF shape to be monitored on a 8 GHz sampling oscilloscope (Fig.1c) .
To enter the injection seeding regime, the amplitude of the THz pulse generated at the QCL facet must be sufficiently large to prevent lasing from being initiated by amplified spontaneous emission (i.e. normal laser operation). Since the THz pulse amplitude generated at the facet increases with applied voltage, it is therefore desirable to apply a large voltage across the facet. However, applying a large voltage to the entire QCL will misalign the band-structure, making operation impossible; to overcome this we used a coupled cavity [7] . The QCL was separated into two cavities by etching the top gold and doped contact layer to allow independent biases on each section: a short seed section (305µm) that generates the THz pulses and a long amplifier section (2.5mm). The device used here was a 2.5THz QCL based on a bound-to-continuum design and was mounted on a cold finger for measurements at 10K. Before the arrival of the fs pulse, the amplifier section is biased below threshold. At the moment the fs pulse arrives and the seed THz pulse is generated, a RF pulse (Fig 1.c) ) brings the amplifier section above threshold (Fig 1.b) ). This places the QCL in a transient state where the gain is much greater than the clamped gain, and permits large amplification of the seed. The amplified pulse is then focused on to a ZnTe crystal for electro-optic detection. Figure 2 a) The THz field emitted from the QCL measured with electro-optic sampling showing multiple passes through the QCL of the generated THz pulse. The incident RF pulse brings the QCL above its laser threshold. b) Enlarged view of the 1st THz pulse that undergoes a single pass through the QCL. c) Enlarged view of the 4th THz pulse, which shows the phase-resolved nature of the measurement. d) Maximum peak-to-peak (p-p) fields of the 1st (black), fourth (blue) and fifth (green) THz pulses versus the voltage applied to the seeding facet. Fig.2a shows the transmitted THz pulses in the amplifier section when it is brought above threshold with the RF pulses. Several THz pulses are visible on a time window roughly equal to RF pulse length (~500ps), separated by the roundtrip-time of the cavity (~71ps). Figs. 2(b) and 2(c) show the first transmitted seed pulse and third reflected pulse, respectively, highlighting almost two orders of magnitude field amplification, reaching 40V/cm in the time domain. By applying higher voltages on the seed section, we observe that the amplitudes of 4 th to 5 th reflected pulses first increase, then saturate even though the amplitude of 1 st pass (which is proportional to the seed amplitude) keeps increasing. This indicates that the gain of the laser is saturated (clamped) by the amplified THz pulses, and the laser emission has entered the injection seeded regime.
In conclusion, we have demonstrated an integrated QCL-based source of THz radiation suitable for TDS. Using coupled cavities, the THz signal generated in the seed element of the QCL is amplified by the QCL amplifier section using gain switching until injection seeding of the QCL is achieved. Decoupling the strength of the THz signal from the fs laser power could make TDS more practical by reducing the need for higher power fs lasers for high THz field generation.
